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The catalytic mechanism of the majority of S-adeno-
syl methionine (AdoMet)-dependent methyl transfer-
ases requires no divalent metal ions. Here we report
that methyl transfer from AdoMet to N1 of G37-tRNA,
catalyzed by the bacterial TrmD enzyme, is strongly
dependent on divalent metal ions and that Mg2+
is the most physiologically relevant. Kinetic isotope
analysis, metal rescue, and spectroscopic measure-
ments indicate that Mg2+ is not involved in substrate
binding, but in promoting methyl transfer. On the
basis of the pH-activity profile indicating one proton
transfer during the TrmD reaction, we propose a
catalytic mechanism in which the role of Mg2+ is to
help to increase the nucleophilicity of N1 of G37
and stabilize the negative developing charge on O6
during attack on the methyl sulfonium of AdoMet.
This work demonstrates how Mg2+ contributes to
the catalysis of AdoMet-dependent methyl transfer
in one of the most crucial posttranscriptional modi-
fications to tRNA.
INTRODUCTION
Biological methyl transfer reactions catalyzed by AdoMet-
dependent methyl transferases have important and diverse
roles. The methyl acceptors of these reactions range from small
molecules to proteins and nucleic acids, and the resultingmethyl
conjugates have enhanced biological activities (Schubert et al.,
2003; Yi and Pan, 2011). Because of the favorable energetics
resulting from the cationic methyl sulfonium of AdoMet, methyl
transferases using this donor proceed with a facile nucleophilic
attack, usually without the assistance of metal ions. However,
exceptions to this rule do exist, most notably for a subclass of
enzymes that catalyze O-methyl transfer to catechols and flavo-
noids (Ferrer et al., 2005; Ibrahim et al., 1998; Joshi and Chiang,
1998; Kopycki et al., 2008; Lukacin et al., 2004). In these exam-
ples metal ions are used to modulate the selection and binding
of small molecular substrates (Lotta et al., 1995; Lukacin et al.,
2004). Another class of metal-dependent methyl transferases
consists of a subgroup of enzymes catalyzing N6-methyl trans-
fer to adenine in DNA (Bist and Rao, 2003; Fedoreyeva and
Vanyushin, 2002), where metal ions are used to flip out the targetChemistry & Biology 21, 1351–1base from the stacked DNA structure into a position suitable for
accepting themethyl group (Bist and Rao, 2003). Inmethyl trans-
ferases with tRNA as the acceptor, while metal ions are required
for activity (Hurwitz et al., 1964), this requirement is believed
to stabilize the tertiary structure of the nucleic acid (Gong
et al., 2002). Recently, a metal-dependent O-methyl transferase
involved in tRNA repair was identified (Jain and Shuman, 2011),
although the precise role of the metal ion is unknown. Thus,
most of the AdoMet-dependent methyl transferases require
no metal ions for methyl transfer; for those that do, metal ions
are used to modulate substrate binding and selectivity but not
catalysis.
An early study briefly mentioned that the AdoMet-dependent
methyl transfer catalyzed by the bacterial tRNA methyl trans-
ferase TrmD required Mg2+, whereas that of its human counter-
part Trm5 (HsTrm5) did not (Brule´ et al., 2004). TrmD catalyzes
methyl transfer to the N1 position of G37 to synthesize m1G37
on the 30 side of the tRNA anticodon (Bjo¨rk et al., 1989). The
m1G37-tRNA product is important for several reasons. First, it
is strictly conserved across the three domains of life in all isoac-
ceptors of tRNA for Pro, in one isoacceptor for Arg, and in one for
Leu (Bjo¨rk et al., 2001). This strict conservation is not seen
for most of the posttranscriptional modifications in each of
these tRNAs, indicating that m1G37 is maintained by selective
pressure in evolution. Second, unlike the majority of post-
transcriptional tRNA modifications, which are nonessential for
cell growth, m1G37 is required for cell growth; elimination of
m1G37 alone is sufficient to cause cell death (Bjo¨rk et al.,
2001, 1989). Third, m1G37 is essential for reading-frame main-
tenance of protein synthesis on the ribosome; elimination of
m1G37-tRNA increases frameshift errors (Bjo¨rk et al., 1989).
Fourth, because frameshift errors interrupt ribosome protein
synthesis and produce premature termination products, the abil-
ity of m1G37-tRNA to prevent such errors helps to reduce cellular
toxicity associated with aberrant protein synthesis (Bjo¨rk and
Nilsson, 2003). Importantly, while m1G37 is conserved in evolu-
tion, TrmD and Trm5 are nonhomologous and unrelated; TrmD is
specific to organisms of the bacterial domain, whereas Trm5 is
specific to organisms of eukarya and archaea (Christian et al.,
2004). While both TrmD and Trm5 use AdoMet as the methyl
donor and G37-tRNA as the acceptor, these two enzymes share
no sequence or structural homology (Ahn et al., 2003; Elkins
et al., 2003; Goto-Ito et al., 2008, 2009) and differ in fundamental
aspects of methyl transfer, including the enzyme approach to
AdoMet binding (Lahoud et al., 2011), to tRNA recognition (Chris-
tian and Hou, 2007; Sakaguchi et al., 2012), and to regulate cat-
alytic turnover (Christian et al., 2010b). Importantly, TrmD has360, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1351
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maceutical industry, because of its broad conservation among
bacteria, its essentiality for bacterial growth, its deep-rooted
distinction from Trm5, and its possession of an AdoMet site
that analogs of the methyl donor can bind to (Hill et al., 2013;
White and Kell, 2004). It is anticipated that selective and potent
inhibitors of TrmD can be developed for bactericidal action
with minimal effect on HsTrm5.
Because of the high importance of TrmD and its potential
as a drug target, a mechanistic understanding of its AdoMet-
dependent methyl transfer is necessary to lay the foundation for
better drug design and targeting. The early report of the Mg2+-
dependent methyl transfer of TrmD is particularly intriguing,
offering the potential for a novel drug-targeting mechanism of
an N1-methyl transferase. Given that tRNA is a nucleic acid
substrate for TrmD, Mg2+ may be involved in a range of func-
tions, including stabilization of the negatively charged nucleic
acid structure, assistance with binding of the nucleic acid
substrate, and participation directly in the chemical mechanism
of methyl transfer. Deciphering how TrmD utilizes Mg2+ and
whether Mg2+ is the physiological metal ion is an important
open question.
Using E. coli TrmD (EcTrmD) as an example, we show
here that it is strongly dependent on divalent metal ions for
methyl transfer. This strong dependence distinguishes TrmD
from Trm5 and from its closest structural homolog TrmH. While
several divalent metal ions can support the methyl transfer activ-
ity of TrmD,Mg2+ is the physiologically relevant one. Importantly,
we show that Mg2+ promotes methyl transfer of TrmD not by
stabilizing the binding of tRNA or AdoMet, but by accelerating
the chemical rate. This dedication of Mg2+ to rate enhancement
separates TrmD from O- and N6-methyl transferases. Measure-
ment of the pre-steady-state rate constant of methyl transfer of
TrmD reveals a kinetic isotope effect (KIE) in deuterated water
(D2O), which varies for each active metal ion, indicating that a
proton abstraction step (likely the abstraction of the N1 proton
from G37 of tRNA) is rate limiting. Metal ion rescue experiments
demonstrate that while replacement of Mg2+ with Co2+ de-
creases methyl transfer, substitution of the 6-oxygen (O6) of
G37 with 6-thio (S6) in the substrate tRNA restores the activity.
Spectroscopic analysis reveals evidence of charge transfer
from Co2+ to the S6 of G37 in the catalytically restored complex,
supporting the notion that divalent metal ions are recruited
to stabilize the developing negative charge at the 6-position
of G37, while also favoring the abstraction of the N1 proton
to activate the nucleophile. We suggest that the strong Mg2+
requirement for TrmD stems from the highly constrained
active-site geometry of the enzyme for AdoMet binding
compared with other AdoMet-dependent methyl transferases
and that this Mg2+ requirement reveals a broader diversity of
involvement of metal ions in the chemical mechanism of methyl
transfer than previously realized.
RESULTS
Divalent Metal Ion-Dependent Methyl Transfer
While the early study showed that EcTrmD required Mg2+ for
methyl transfer, in contrast to HsTrm5 (Brule´ et al., 2004), the
mechanistic basis for this TrmD-specific requirement was1352 Chemistry & Biology 21, 1351–1360, October 23, 2014 ª2014 Eunknown. We probed this requirement by comparing EcTrmD
with two other AdoMet-dependent methyl transferases, Metha-
nococcus jannaschii Trm5 (MjTrm5) and Thermus thermophiles
TrmH (TtTrmH). We choseMjTrm5 as an example of the archaeal
counterpart of EcTrmD to extend the scope of comparison from
the human enzyme to the archaeal domain. While MjTrm5 is
closely related to HsTrm5 in sequence, structure, and mecha-
nism (Christian et al., 2013), nothing is known of the metal ion
dependence of the archaeal enzyme. We chose TtTrmH as an
example of a bacterial enzyme that shares structural homology
with EcTrmD but catalyzes a distinctly different reaction. Specif-
ically, of the five different protein folds known to bind AdoMet
(Schubert et al., 2003), TrmD uses the topologically knotted
protein fold (Ahn et al., 2003; Elkins et al., 2003), whereas Trm5
uses the Rossmann-type dinucleotide fold (Goto-Ito et al.,
2008, 2009). While the TrmD fold is the least common among
the five folds, the Trm5 fold is present in the greatest majority
of AdoMet methyl transferases. Intriguingly, the TrmD fold is
present in TrmH, which catalyzes methyl transfer to G18 to
give Gm18 (Gm = 2
0-O-methyl of G) at the tRNA tertiary core
(Ochi et al., 2013). AlthoughMg2+ was reported to increase activ-
ity of TrmH, spermine had a similar effect (Kumagai et al., 1982),
thus leaving open the question of how the metal ion facilitated
this methyl transfer.
The three enzymes, EcTrmD,MjTrm5, and TtTrmH, were each
purified without added metal ions and were then replenished
with Mg2+ for assays of methyl transfer. We chose to assay
methyl transfer in pre-steady-state conditions (Christian et al.,
2006, 2010b), in which each enzyme was in molar excess of
the tRNA in an AdoMet-saturating condition to allow the reaction
to proceed by only one turnover. In this single turnover, the
rate constant kobs represented the kinetics of methyl transfer.
In contrast, previous studies of metal ion dependence of methyl
transfer were performed in steady-state conditions, where
the rate constant kcat was measured through multiple rounds
of turnovers and therefore could be limited by nonchemical steps
(e.g., product release).
In pre-steady-state assays with saturating enzyme and
AdoMet relative to tRNA, MjTrm5, EcTrmD, and TtTrmH dis-
played distinct patterns of Mg2+ dependence. While both
MjTrm5 and EcTrmD reached plateaus of 90% methylation,
the former showed a less than 2-fold difference in kobs in the
presence and absence of Mg2+ (0.15 versus 0.08 s1), indicating
little dependence on Mg2+, whereas the latter showed a differ-
ence of 300-fold (kobs = 0.08 versus 0.0003 s1), indicating
high dependence (Figures 1A and 1B). The contrast between
MjTrm5 and EcTrmD was consistent with the earlier study of
HsTrm5 versus EcTrmD (Brule´ et al., 2004). By contrast, while
TtTrmH reached a lower plateau of 40% methylation, it also
showed a less than 2-fold difference in kobs in the presence
and absence of Mg2+ (kobs = 0.17 versus 0.098 s
1) (Figure 1C),
indicating little dependence on the metal ion. Because the
enzyme was saturating relative to tRNA in our assays, we inter-
preted the kobs as the kchem, the chemical rate constant of methyl
transfer in one turnover, which is unchanged whether the prod-
uct was bound to or released from the enzyme. As such the kchem
value was not affected by product release. Given that the kobs
values for MjTrm5 and EcTrmD in the presence of Mg2+ were
closely similar to our values reported for single-turnover assayslsevier Ltd All rights reserved
Figure 1. Pre-Steady-State Analysis of Mg2+
Dependence
Synthesis of m1G37-tRNA by (A) MjTrm5, (B)
EcTrmD, and (C) TtTrmH. Each enzyme was used
at a saturating concentration (5 mM) relative to
the transcript of EctRNALeu (0.5 mM). Error bars
show SD.
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rate EcTrmD from the other two enzymes by Mg2+ dependence.
The Mg2+ dependence raised the question of whether any
other metal ions could support the EcTrmD activity. This ques-
tion was important to determine whether Mg2+ was primarily
responsible for coating the negatively charged tRNA backbone,
a function that can be fulfilled by a range of different metal ions.
We observed that, in addition to Mg2+, two other divalent metal
ions Mn2+ and Ca2+ fully supported the enzyme activity, but
Co2+ did not (Figure 2A). The failure of Co2+ to support the ac-
tivity demonstrated that the mere presence of any metal ion was
insufficient. Detailed analysis of the Co2+-dependent reaction
revealed that all data points were well fit to a single-exponential
progress curve, showing progression of the reaction but with
much slower kinetics (by 300-fold) relative to the Mg2+-depen-
dent reaction (Figure S1 available online). The lack of an
obvious lag phase in the Co2+ reaction, or in the Mg2+, Mn2+,
or Ca2+ reactions (Figure 2A), indicated that in all cases sub-
strate binding to EcTrmD was in rapid equilibrium to form the
enzyme-tRNA-AdoMet complex and that under these assay
conditions the rate of methyl transfer was limited by metal
ion-dependent chemistry. Control experiments showed that
EcTrmD was inactive in the presence of EDTA at a concentra-
tion equal to Mg2+ and that the as-purified enzyme remained
inactive even without the treatment with EDTA (Figure 2A),
validating the absence of residual active metal ions in the
purified enzyme.
Of the three active metal ions, we sought to determine the
biologically relevant one. This was achieved by evaluating
enzyme activity as a function of metal ion concentration. In
each case, the activity progressively improved with increasing
concentration of the metal ion up to 1 mM (Figure 2B). While
the activity was undiminished at higher concentrations of
Mg2+ and Ca2+ (up to 20 mM), it decreased with higher concen-
trations of Mn2+. Importantly, the activity was maximal at the
intracellular concentration of Mg2+ in E. coli (2–3 mM), but it
was only 20% of the maximum at the intracellular concentration
of Mn2+ (80 mM) (Hohle and O’Brian, 2009) and was below 1%
at the intracellular concentration of Ca2+ (0.1 mM) (Gangola
and Rosen, 1987) (Figure 2B, inset). Given that TrmD is essential
for cell growth and that a reduction of its activity to below 20%
is sufficient to cause cell death (Masuda et al., 2013), we sug-
gest that Mg2+ is the physiologically relevant metal ion due to
its mM concentration in cells. This correlation analysis has an
advantage over physical techniques (e.g., atomic absorption
analysis), which may not capture the physiological metal ion
stably bound to the enzyme due to weak binding affinity (KD =
0.61 ± 0.03 mM; see Figure 4).Chemistry & Biology 21, 1351–1Wedetermined thebinding stoichiometry ofMg2+ toEcTrmD to
probe the enzyme-metal ion interaction. Although EcTrmD is an
obligate homodimer, it performs only one methyl transfer at a
given time (Christian et al., 2010b). In this ‘‘half-of-the-sites’’
mechanism, both active sites of EcTrmD are able to bind
AdoMet, but only one is able to bind G37 of tRNA and perform
methyl transfer (Christian et al., 2010b). If only one Mg2+ ion per
homodimer is required for one turnover, this would be consistent
with a role in the catalytic mechanism of one active site, whereas
if two Mg2+ ions were required, multiple possibilities exist,
including both metal ions acting in one site or two metal ions
each acting in a separate site in a likely structural role to coordi-
nate the two sites. Using pre-steady-state assays, we showed
that kobs ofmethyl transfer progressively increaseduntil themolar
ratio ofMg2+ toEcTrmDdimer reachedone (Figure 2C), indicating
the dependence of activity on one Mg2+ per enzyme dimer.
Further increases of the molar ratio of Mg2+ to EcTrmD dimer
did not increase kobs within the concentration range of the assay
(mM), indicating that only one Mg2+ ion is required to promote
methyl transfer by the dimer enzyme. However, the presence of
additional molecules of Mg2+ that stabilized the tRNA substrate
during methyl transfer cannot be excluded.
A Catalytic Role for Mg2+
We next determined how Mg2+ promoted methyl transfer of
EcTrmD and showed that the metal ion was involved in catalysis
but not in binding of either substrate. In pre-steady-state assay
conditions, analysis of the pH-activity profile revealed a steady
increase of kobs with pH until a plateau was reached at 7.0; a log-
arithmic plot of kobs versus pH showed a slope of 1.0 (Figures 3A
and 3B), indicating the transfer of a single proton. Gel filtration
chromatography verified that EcTrmD remained as a dimer in
the pH range tested (Figure S2). Importantly, because the slope
of the pH-activity profile was positive with increasing pH, the one
ionization at play in the rate-limiting step must be deprotonation
of N1 of G37. Fitting the data (R2 = 0.97) yielded pKA = 6.8 ± 0.1,
roughly three units below the pKA of the N
1 proton of guanosine
in solution (9.5). This suggests that the pKA of G37 is reduced
by coordination with Mg2+ or by acceptance of the proton by
an enzyme general base.
To determine if the abstraction of the N1 proton of G37 is rate
limiting, we examined the solvent deuterium KIE, defined as the
ratio of kobs values obtained when the reaction is performed in
H2O relative to values obtained when the reaction is performed
in heavy water D2O. The Mg
2+ reaction showed a solvent deute-
rium KIE of 5–6 (kobs (H2O) of 0.11 ± 0.01 s
1 versus kobs (D2O) of
0.019 ± 0.003 s1), the Mn2+ reaction showed a KIE of 1.8, and
the Ca2+ reaction showed a KIE of 3–4 (Figures 3C–3E),360, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1353
Figure 2. Divalent Metal Ion Dependence
(A) Time courses of synthesis of m1G37-tRNA by
EcTrmD (5 mM) with tRNA (0.5 mM) and AdoMet
(25 mM) in the presence of a divalent metal ion
(6 mM) or EDTA (6 mM).
(B) Synthesis of m1G37-tRNA in 60 s as a function
of divalent metal ion concentration. Inset: Synthe-
sis of m1G37-tRNA in 600 s at low concentrations
of divalent metal ions (0–100 mM).
(C) The kobs as a function of the molar ratio
of [MgCl2]/[EcTrmD dimer], where the dimer was
fixed at 6 mM.
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limiting in the presence of each of the three metal ions. However,
because we were unable to measure KIE without an active metal
ion (even in extended time courses with high enzyme concentra-
tions), we cannot determine the role of each in the abstraction of
the N1 proton of G37. Nonetheless, the different magnitudes of
KIE with the three metal ions reflect differences in their ability
to stabilize a common species in the rate-limiting step, likely
the deprotonated G37. In this case, the largest KIE for the
Mg2+ reaction suggests that the proton abstraction is clearly a
rate-limiting step, because the reaction is most sensitive to
perturbation of the abstraction, whereas the smaller KIEs for
the Mn2+ and Ca2+ reactions suggest that some other steps
(e.g., rearrangement of catalytic residues) may have become
partially rate limiting.
To determine if Mg2+ has a role in binding of AdoMet or tRNA
to EcTrmD, we measured the equilibrium dissociation constant
(KD) for each substrate and reported the data in the presence
and absence of Mg2+ (Table S1). Using our previously developed
binding assay based on substrate-induced quenching of the
enzyme intrinsic tryptophan fluorescence (Christian et al.,
2010b), we showed that AdoMet binding to EcTrmD was unaf-
fected by the presence or absence of Mg2+ (KD = 1.4 ± 0.1 and
1.6 ± 0.2 mM, respectively). Similarly, measurements of binding
for the tRNA substrate showed no major effect of Mg2+ (KD =
1.0 ± 0.1 and 0.5 ± 0.1 mM, respectively). These data, validated
by the close similarity of KD values for each substrate in the pres-
ence of Mg2+ to our previously reported values with Mg2+ (Chris-
tian et al., 2010b; Sakaguchi et al., 2012), argue against a role of
the metal ion in substrate binding. Furthermore, to examine the
possibility that Mg2+might promotemethyl transfer by stabilizing
a specific region of the negatively charged tRNA backbone, we
measured KD (tRNA) in the presence of other active metal ions
or the inactive Co2+. If the role of the metal ion was to stabilize
a specific region in the tRNA, then different metal ions would
have provided different stabilization strengths. However, our
measurements showed that KD (tRNA) remained relatively
constant with changes of the metal ion; even the presence of
EDTA, which chelates residual metal ions, did not change the
KD (tRNA) by more than 2-fold (Table S1). While metal ions are
usually involved in promoting substrate binding, particularly
with respect to the tRNA substrate, these data suggest that
this involvement is not essential for methyl transfer by TrmD.
Mg2+ Interaction with the O6 of G37-tRNA
One way that Mg2+ can promote the catalytic mechanism of
methyl transfer is to stabilize the developing negative charge at1354 Chemistry & Biology 21, 1351–1360, October 23, 2014 ª2014 Ethe O6 of G37 upon abstraction of the N1 proton. To test this
hypothesis, we performed metal rescue experiments based on
the principle that hard metal ions (e.g., Mg2+) prefer coordination
with oxygen, whereas soft ones (e.g., Co2+) prefer sulfur (Freder-
iksen et al., 2012; Pyle, 2002). A derivative of the tRNA substrate
was generated, in which G37 was site-specifically replaced with
the thio-containing s6G37 using our reconstitution method (Sa-
kaguchi et al., 2012). Comparison of the kobs of the thio-contain-
ing s6G37-tRNA with the native G37-tRNA as a function of metal
ion concentration showed that while Mg2+-EcTrmD was active
with the normal G37-tRNA substrate, the enzyme was cata-
lytically defective with the s6G37-tRNA derivative (Figure 4A).
Specifically, while the kchem of the Mg
2+-enzyme with the normal
G37-tRNA substrate was similar to that reported previously
(Christian et al., 2010b), it decreased by 4-fold with the s6G37-
tRNA substrate (Figure 4A; Table 1), possibly due to decreased
nucleophilicity at N1. In contrast, while the kchem of the Co
2+-
EcTrmD enzyme was severely defective with the G37-tRNA sub-
strate (decreased by 120-fold to 0.001 ± 0.001 s1; Figure 4B;
Table 1; Figure S3), it was fully recovered with the s6G37-tRNA
substrate (kchem = 0.10 ± 0.01 s
1), indicating metal ion rescue
by substitution of Mg2+ with Co2+. We also evaluated the rescue
of s6G37-tRNA by the Mn2+-enzyme, which should be more
tolerant of the sulfur substitution than the Co2+-enzyme. Indeed,
the Mn2+-enzyme was fully functional with s6G37-tRNA, dis-
playing kchem similar to that with the native G37-tRNA (Table 1).
Importantly, despite their different abilities to rescue s6G37-
tRNA, all three metal ions displayed similar affinity to the
enzyme-tRNA-AdoMet complex (Figures 4A and 4B; Table 1),
with KD (M
2+) values ranging from 0.43 to 0.68 mM. This provides
additional evidence that metal ions do not affect tRNA binding
but are required to participate in the catalytic mechanism of
methyl transfer.
While metal rescue experiments are commonly used to
identify metal-binding sites in RNA, examples of indirect effects
have been reported (Shan and Herschlag, 2000). Thus, to further
test the coordination of Co2+ with s6G37-tRNA as implicated by
the metal rescue experiments, we sought to obtain spectral ev-
idence by taking advantage of the fully restored activity of the
Co2+-enzyme with this tRNA. As we have shown earlier (Zhang
et al., 2003), the formation of a metal-thiolate bond confers a
unique UV-visible absorption spectral change for the charge
transfer from the sulfur atom to transition metal ions with d-shell
electrons such as Co2+. Indeed, we observed a progressive in-
crease of absorption at 345 nm upon the formation of the com-
plex of Co2+-EcTrmD with s6G37-tRNA (Figure 5A), but not
with the normal G37-tRNA, indicating the addition of a thiolatelsevier Ltd All rights reserved
Figure 3. One-Proton Transfer
(A) The pH-dependent methyl transfer of EcTrmD in the presence of Mg2+ (6 mM).
(B) The logarithmic plot of kobs versus pH from (A).
(C–E) Solvent deuterium KIE for the (C) Mg2+-, (D) Mn2+-, and (E) Ca2+-dependent methyl transfer. Time courses of synthesis of m1G37-tRNA (0.5 mM) by EcTrmD
(7 mM) with saturating AdoMet (25 mM) in the presence of H2O or D2O were monitored. The maximum rate constant kchem for each is shown.
Data are the average of three measurements, and error bars show SD.
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the increase of absorption as a function of the Co2+-EcTrmD
enzyme concentration and fitting the data to a binding isotherm
equation revealed a KD of 2.2 ± 0.4 mM (Figure 5B) of the enzyme
for the tRNA, identical within error to the KD measured by the
fluorescence assay (2.3 ± 0.6 mM; Table S1). These data provide
strong evidence for a direct interaction between Co2+ and the S6
of the derivatized tRNA, which inmetal rescue analysis is catalyt-
ically equivalent to the interaction between Mg2+ and the O6 of
G37-tRNA.
The charge transfer spectrum of Co2+-EcTrmD in the complex
with s6G37-tRNA provided a tool to probe the active-site resi-
dues involved in the metal-thiolate bond formation. Each active
site of TrmD is made up of the AdoMet-pocket provided by the
N-terminal domain of one subunit and the G37-pocket provided
by the C-terminal domain of the other subunit (Ahn et al., 2003;
Elkins et al., 2003). Previous structure-guided mutational anal-
ysis of EcTrmD (Elkins et al., 2003) had implicated R154 of the
N-terminal domain for interacting with the 6-position of G37 to
stabilize the base and D169 of the C-terminal domain as a gen-
eral base to deprotonate the N1 of G37. While R154 is strictly
conserved across a broad spectrum of TrmD enzymes, D169
is conserved as aspartate or glutamate. Both residues are critical
for the methyl transfer activity of TrmD, and the substitution of
each with alanine is sufficient to completely inactivate the
enzyme (Elkins et al., 2003). Indeed, using the Co2+-EcTrmD
enzyme and s6G37-tRNA as a pair, we showed that the alanine
substitution of R154 or D169 in the enzyme abolished the spec-Chemistry & Biology 21, 1351–1troscopic signal at 345 nm (Figures 5C and 5D), supporting the
notion that both residues are involved in the charge transfer
mechanism upon formation of the metal-thiolate bond.
DISCUSSION
Among AdoMet-dependent methyl transferases, divalent metal
ionshave so far beenknown to assist only in theO-methyl transfer
to catechols or to flavonoids and N6-methyl transfer to adenines
in DNA. Here we report that divalent metal ions are also required
to assist in the N1-methyl transfer to G37-tRNA in the TrmD-cata-
lyzed reaction and that themost physiologically relevantmetal ion
for this requirement isMg2+.We further show that, unlike theO- or
N6-methyl transferases, TrmD requires Mg2+ for a unique reason,
which is to interact with the nucleobase G37 in tRNA in the cata-
lytic mechanism of methyl transfer. So far, the most notable cat-
alytic role of metal ions in nucleic acid biochemistry has been to
assist phosphoryl transfer of DNA or RNA polymerases (Steitz,
1998) or phosphodiester cleavage of restriction enzymes or cat-
alytic ribozymes (Das and Piccirilli, 2005; Pyle, 2002). In these
reactions on the phospho center, the attacking nucleophile is
aligned with the phosphorus atom and with the leaving oxygen
of the phosphate group in a trigonal bipyramidal geometry that
posesmajor electrostatic and steric challenges. As a result, diva-
lent metal ions are invariably recruited to help orient and activate
both the nucleophile and the leaving group. In contrast, methyl
transfer fromAdoMet involves nucleophilic attack on the high-en-
ergy and positively charged sulfonium center in a facile geometry360, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1355
Figure 4. Metal Rescue
(A) Methyl transfer byMg2+-EcTrmD (5 mM) to G37-
or s6G37-tRNA (0.5 mM) from AdoMet (25 mM).
(B) Methyl transfer by Co2+-EcTrmD (5 mM) to G37-
or s6G37-tRNA (0.5 mM) from AdoMet (25 mM).
Values of kchem and KD (metal ion) are shown.
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requires Mg2+ for the catalytic mechanism of methyl transfer is
therefore significant.Additionally, TrmD requiresMg2+ as analkali
earth metal to coordinate with the oxyanion of the nucleobase
G37, rather than the phosphodiester backbone of tRNA. We
emphasize that this coordination between Mg2+ and a nucleo-
base is distinct from the Mg2+-oxyanion coordination commonly
found in chemical reactions.
The mechanism of TrmD most consistent with our present
data and with earlier structural and mutational data (Elkins
et al., 2003) is as follows (Figure 6A): D169 is structurally posi-
tioned to act as the general base to abstract the N1 proton
from G37-tRNA in a one-proton-transfer mechanism; the depro-
tonation of N1 is accompanied by developing electron density on
O6 of the guanosine; the developing negative charge on O6 is
stabilized by both Mg2+ and by the optimally positioned and
positively charged side chain of R154; the charge stabilization
on O6 in turn facilitates Mg2+ to orient D169 properly to abstract
the N1 proton of the guanosine; and the deprotonated N1 then
performs nucleophilic attack on the sulfonium center of AdoMet,
resulting in synthesis of m1G37-tRNA and release of AdoHcy
(S-adenosyl homocysteine). In this mechanism, we assign the
one proton transfer in the rate-limiting step to the action of the
general base D169, rather than to the protonation of the leaving
group, on the basis of the catalytic importance of this residue
(Elkins et al., 2003), the loss of the metal-nucleobase interaction
upon substitution of this residue (Figure 5D), and the increase of
activity as the proton concentration is lowered (Figure 3B). While
key features of this mechanism are also shared in common with
the Trm5 mechanism (Christian et al., 2010a), including the
involvement of a general base and a positively charged side
chain to stabilize the O6 of G37, the major difference is the
requirement of Mg2+ for TrmD but not for Trm5.Table 1. Kinetic Parameters Showing Metal Rescue of E. coli TrmD
Metal tRNA KD (M
2+, mM) kchem (s
1) kchem/KD (mM
1 s1)
Mg2+ G37-tRNA 0.68 ± 0.03 0.138 ± 0.007 0.203
s6G37-tRNA 0.64 ± 0.02 0.035 ± 0.002 0.055
Co2+ G37-tRNA 0.43 ± 0.02 0.001 ± 0.001 0.003
s6G37-tRNA 0.46 ± 0.07 0.100 ± 0.010 0.217
Mn2+ G37-tRNA 0.43 ± 0.01 0.165 ± 0.006 0.384
s6G37-tRNA 0.61 ± 0.02 0.268 ± 0.008 0.439
1356 Chemistry & Biology 21, 1351–1360, October 23, 2014 ª2014 Elsevier Ltd All rights resHow the Mg2+ ion is coordinated in
EcTrmD to assist in methyl transfer re-
mains unknown. None of the available
crystal structures of TrmD, in the apo
form or the AdoMet- or AdoHcy-boundform (Ahn et al., 2003), contain a divalent metal ion. Although
we previously obtained a crystal structure of TrmD in the com-
plex with an AdoMet analog by soaking the complex with
0.2 M Ca2+, we did not detect the metal ion in the structure
(Lahoud et al., 2011).While to date there are no crystal structures
of tRNA-bound TrmD complexes, our proposed mechanism
suggests that Mg2+ can play a dual role in methyl transfer (Fig-
ure 6A). Specifically, while Mg2+ stabilizes the negative charge
developing on O6 of G37, it also coordinates with the general
base D169, in a role to reduce the basicity of the base while
also helping to align the base more properly for proton abstrac-
tion. The geometry of this catalytic step will then involve an 8-
membered ring, composed of the N1, C6, and O6 of the guanine
ring, the H bound to the imino group of N1, the two coordination
bonds of Mg2+, and the three atoms of the carboxylate of D169
(Figure 6B). While N1, C6, and the carboxylate carbon are
sp2-hybridized atoms, O6 may be sp3-hybridized as an enolate,
particularly if Mg2+ is acting out of the plane as a Lewis acid. The
nonplanar feature of Mg2+ is likely, suggesting that the mecha-
nism may only involve a 6-membered ring, composed of Mg2+,
N1, C6, O6, and the H bound to the imino group of N1 and one
of the carboxylate oxygens of D169. In this mechanism, Mg2+
may be the last member to join the transition state, thereby
providing a control for methyl transfer only when both G37-
tRNA and AdoMet are appropriately bound.
The proposed mechanism offers two additional features
worthy of mentioning. First, it accommodates both Mg2+ and
R154 to stabilize the negative charge at the O6 of G37, while
also allowing the side chain of R154 to further stabilize the
base by making an H bond to the N7. Second, it implicates
D169 both as a general base in the deprotonation of N1 and
as a ligand to coordinate Mg2+. Precedents for such a dual
role have been found in several DNA polymerases, where aRelative to kchem (Mg
2+, G37-tRNA)
1.0
1/4
1/120
1/1
1/1
2/1
erved
Figure 5. Metal-Thiolate Charge Transfer
(A) The UV-visible spectra of Co2+-EcTrmD in the
complex with s6G37-tRNA, with increasing con-
centration of the enzyme (0, 0.5, 1, 2, 4, 7.5, and
15 mM).
(B) A plot of the absorption peak at 345 nm from (A)
as a function of the Co2+-EcTrmD enzyme con-
centration fit to a hyperbolic equation, yielding KD
(tRNA). Data are shown as the average of three
measurements, and error bars show SD.
(C) The UV-visible spectra of the R154A variant of
Co2+-EcTrmD (0, 1, 2, 4, and 9 mM) in the complex
with s6G37-tRNA.
(D) The UV-visible spectra of the D169A variant of
Co2+-EcTrmD (0, 1, 2, 5, and 10 mM) in the complex
with s6G37-tRNA.
The concentration of s6G37-tRNA was limiting
relative to the enzyme in (A)–(D).
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ion and a general base (Doublie´ et al., 1998; Kiefer et al., 1998;
Korolev et al., 1998).
Given that both TrmD and Trm5 catalyze the same N1-methyl
transfer, why does TrmD require Mg2+, whereas Trm5 does not?
Our structural analysis and energetic calculations have shown
that the dinucleotide fold in Trm5 for AdoMet binding is
spacious and flexible, permitting the methyl donor to maintain
an extended conformation, whereas the trefoil knot fold in
TrmD is more rigid and constrained, holding the methyl donor
in a bent conformation that forces the adenosine and methio-
nine portions to face each other (Figure S4) (Lahoud et al.,
2011). We suggest that the flexibility of the AdoMet fold in
Trm5 enables the general base to adopt a favorable position
to activate the nucleophile without assistance of Mg2+. This
general base in MjTrm5 is the conserved E185, which is not
even in the vicinity of the AdoMet site but has the mobility to
move into the active site during methyl transfer (Christian
et al., 2010a). In contrast, we suggest that, because of the rigid-
ity and constraints of the AdoMet fold in TrmD, the enzyme re-
cruits Mg2+ to help to resolve steric or electrostatic challenges
during active-site rearrangements en route to the transition
state, and additionally, to stabilize the O6 of G37 and orient
the general base D169 to abstract the N1 proton. A relevant
question is then why TrmH, the structural homolog of TrmD,
does not require Mg2+? Importantly, while TrmH also uses a
trefoil knot for AdoMet binding and bends the methyl donor
similarly (Figure S4), it catalyzes a reaction that faces distinctly
different challenges of nucleophile activation, involving O-
methyl transfer to the 20-OH of ribose. The pKA of the 20-OH is
16, suggesting that TrmH must have a strong general base
in an amino acid composition environment that favors activation
of the nucleophile without Mg2+. Of the three enzymes, only
MjTrm5 has a ternary crystal structure in the complex withChemistry & Biology 21, 1351–1360, October 23, 2014tRNA and AdoMet (Goto-Ito et al.,
2009), and this structure supports our
analysis of a general base readily posi-
tioned to perform deprotonation. New
ternary crystal structures of TrmD and
TrmH are now necessary to test ourmodels for these two enzymes and to provide further insight
into their mechanism of action.
SIGNIFICANCE
We have established that Mg2+ is the physiological metal ion
required for the TrmD-catalyzed AdoMet-dependent N1-
methyl transfer to G37-tRNA. This Mg2+ requirement is an
important example among methyl transferases, activating
the general base for deprotonation of N1 and stabilizing
the developing charge on the O6 of G37. This Mg2+ require-
ment therefore distinguishes TrmD from its human coun-
terpart Trm5 and from its structural homolog TrmH. Given
that successful drug targeting of HIV integrase has been
achieved by disrupting the divalent ion interaction at the
active site (Kawasuji et al., 2006; Long et al., 2004; Semenova
et al., 2006), we suggest that the Mg2+ dependence of TrmD
is an attractive feature for drug targeting of the bacterial N1-
methyl transferase. This work has helped lay the ground-
work for successful design of tight-binding transition-state
analogs of AdoMet that can target TrmD with high potency
and selectivity for bactericidal action.
EXPERIMENTAL PROCEDURES
Reagents
EcTrmD, MjTrm5, and TtTrmH were each purified as a His-tag fusion from an
overexpression clone in E. coli using the Co2+-chelated Talon affinity resin
(Christian et al., 2004; Ochi et al., 2013; Redlak et al., 1997). Each was purified
without added metal ions, washed extensively by ultrafiltration (Amico) in the
presence of 50 mM EDTA to dilute out contaminating metal ions by at least
104-fold, and stored in a buffer with 0.1 mM EDTA and 40% glycerol. Methyl
transfer reactions were supplemented with a specific metal ion as indicated.
The transcript of E. coli tRNALeu without any posttranscriptional modifications
was prepared by T7 transcription and used for most of the kinetic measure-
ments. The s6G37-tRNAwas prepared by enzymatic joining of three fragmentsª2014 Elsevier Ltd All rights reserved 1357
Figure 6. Catalytic Mechanism of TrmD
(A) Proton abstraction during docking of G37 by the general base D169 yields
the deprotonated base with electron shifted to O6. The developing negative
charge on O6 is stabilized by Mg2+ and the positively charged side chain of
R154. The stabilization of the negative charge on O6 in turn facilitates Mg2+ to
orient and align D169 to perform proton abstraction. Nucleophilic attack on
AdoMet by the deprotonated N1 then leads to product formation and release of
AdoHcy.
(B) The geometry of the catalytic step involves an 8-membered ring,
composed of the N1, C6, and O6 of the guanine ring, the H bound to the imino
group of N1, the two coordination bonds of Mg2+, and the three atoms of the
carboxylate of D169. Atomic numbering is indicated for guanine.
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Mg2+-Dependent Methyl Transfer to G37-tRNAas we described (Sakaguchi et al., 2012): fragment I encoded nucleotides 1–35
and was made by T7 transcription, fragment II encoded nucleotides 36–42
and was made by chemical synthesis to contain the s6G37 modification (by
Dharmacon), and fragment III encoded nucleotides 43–76 and was made by
T7 transcription. [3H]-AdoMet was purchased from PerkinElmer, unlabeled
AdoMet was from Sigma-Aldrich, D2O was purchased from Cambridge
Isotope Laboratories, and metal chlorides were purchased from Sigma in
the highest grade possible.1358 Chemistry & Biology 21, 1351–1360, October 23, 2014 ª2014 EFluorescence Assays for Substrate Binding
The KD of tRNA binding to EcTrmD in the presence or absence of 6 mM
divalent metal ions was determined by monitoring the quenching of intrinsic
tryptophan fluorescence at room temperature (Christian et al., 2010b).
Each enzyme was excited at 280 nm, and the emission was monitored at
300–400 nm in 100 mM Tris-HCl (pH 8.0), 24 mM NH4Cl, 0.1 mM EDTA,
and 4 mM dithiothreitol (DTT). BSA was not included in the buffer to avoid
fluorescence interference from its tryptophan residues. The KD of AdoMet
binding to EcTrmD was similarly measured by determining the quenching
of the intrinsic tryptophan fluorescence. For each measurement, the peak
intensity at 330 nm of the binding reaction was corrected by several fac-
tors as described (Christian et al., 2010b) in the following order: the dilu-
tion factor, the inner filter effect, and the nonspecific binding of substrate
to a Trp solution at the same concentration as tryptophan residues in
EcTrmD. After all corrections, data for changes in the peak intensity upon
substrate binding were fit to the following equation using KaleidaGraph to
obtain KD:
F = 1 ð1 FmaxÞ3 ½S=ðKD + ½SÞ;
where F is the normalized fluorescence signal, Fmax is the normalized fluores-
cence signal at saturation, and [S] is the concentration of tRNA or AdoMet.
Pre-Steady-State Assays for Methyl Transfer
As described in our work (Christian et al., 2006, 2010b), each tRNA was heat
denatured in the reaction buffer at 85C for 3 min and annealed at 37C for
15 min before use. The annealed tRNA was then preincubated with saturating
[3H-methyl] AdoMet (25 mM, specific activity 839 cpm/pmol) in one syringe and
rapidly mixed with an equal volume of saturating enzyme in the same buffer in
the other syringe on the RQF-3 rapid chemical quench instrument (KinTek).
The buffer without metal ions for EcTrmD contained 100 mM Tris-HCl
(pH 8.0), 24 mM NH4Cl, 4 mM DTT, 0.1 mM EDTA, and 0.024 mg/mL BSA at
37C; the buffer for TtTrmH contained 50 mM Tris-HCl (pH 7.5), 50 mM KCl,
and 2 mM b-mercaptoethanol at 60C; and the buffer for MjTrm5 contained
100 mM Tris-HCl (pH 8.0), 100 mM KCl, 4 mM DTT, and 0.1 mM EDTA
at 55C. Divalent metal ions (MgCl2, MnCl2, CaCl2, and CoCl2) or EDTA
were added to 6 mM. Methyl transfer was calculated from incorporation of
[3H-methyl] into tRNA as acid-precipitable counts on filter pads after correc-
tion for the filter quenching effect. The time courses of tRNA methylation
were fit to the single exponential equation [y = m1 3 (1  exp(m2 3 m0))],
where m0 is the time, m1 is the plateau level of the product, and m2 is the
kobs) to determine kobs. The data of kobs as a function of enzyme concentration
were fit to a hyperbolic equation [y = m1 3 m0/(m2 + m0)], where m0 is the
enzyme concentration, m1 is the kchem, and m2 is the KD) to determine the
KD (tRNA) and the maximum rate constant kchem. The catalytic efficiency of
each tRNA substrate was calculated from kchem/KD.
For determination of the solvent deuterium KIE, tRNA (0.5 mM) was
lyophilized to dryness and dissolved in D2O without the heat-cool step.
After a 10 min incubation to ensure complete exchange of the N1 proton
of G37 with deuterium (exchange rate 103 s1) (Pardi and Tinoco, 1982),
the tRNA was rapidly mixed with [3H-methyl] AdoMet (25 mM), metal ions,
buffer salts (all lyophilized to dryness and dissolved in D2O), and EcTrmD
(7 mM in H2O) on the RQF-3 instrument. The volume of H2O was 1% of
the total.
The pH-Activity Profile
The experiments were performed as we described (Christian et al., 2010b).
Buffers for different pH values were sodium cacodylate (pH 5.9 and 6.1);
MES (pH 6.1, 6.3, 6.4, and 6.6); 3-(N-morpholino)propanesulfonic acid (pH
6.6, 6.8, 7.0, and 7.1); glycyl glycine (pH 7.1, 7.3, 7.6, and 8.1); and glycine
(pH 9.1). If the pH was lower than expected, drops of 5 M KOH were added
to the 53 solution such that the 13 solution had the proper value. Reactions
at pH lower than 7.3 were monitored by hand sampling, while those at higher
pH values were done on the RQF-3 instrument. No differences in rate were
observed for reactions run at pH values where two different buffers were
used. At the indicated final concentrations, EcTrmD (3 mM) and a divalent metal
ion (6mM) were rapidly mixed with tRNA (0.5 mM) and AdoMet (25 mM) at 37C.
Substrate saturation at pH 6.0, 8.1, and 9.8 was demonstrated by showing
that the kobs remained unchanged upon reducing the enzyme and tRNAlsevier Ltd All rights reserved
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Mg2+-Dependent Methyl Transfer to G37-tRNAconcentrations by 2-fold. The consistency in the measured kobs across all
three pH values established that both tRNA and AdoMet were stable at all
relevant pH values. The data were fit to the following equation:
kobs =
kA + kAH10pKA-pH
1+ 10pKA-pH
;
where kobs is the observed reaction rate at a specific pH, kAH is the activity of
the protonated form of G37 (kAH = 0), kA is the activity of the deionized form of
G37, and KA is the equilibrium constant for the dissociation of the proton.
Metal Rescue
Pre-steady-state assays for Mg2+-EcTrmD or Co2+-EcTrmD with G37-
or s6G37-tRNA were performed with final concentrations of enzyme
(5 mM), tRNA (0.5 mM), AdoMet (25 mM), and metal ion (0.1–2.0 mM). Data of
kobs versus metal ion concentration were fit to the Hill equation using
KaleidaGraph:
kobs =
½M2+ n

KD + ½M2+ n
;
where kobs is the rate constant of methyl transfer, KD is the apparent
dissociation constant of the metal ion for the enzyme, [M2+] is the metal ion
concentration, and n is the Hill coefficient, which was close to one in these
assays.
Metal-Thiolate Charge Transfer
E. coli cells overexpressing EcTrmD were cultured in M9 media with CoCl2
(30 mM). Co2+-EcTrmD was purified using the Co2+-chelated TALON resin in
a lysis buffer without metal ions. The purified enzyme was dialyzed against
the lysis buffer containing 50 mM EDTA followed by lysis buffer with 1 mM
CoCl2. The R154A and D169A mutants were each generated by Quickchange
mutagenesis and confirmed by sequence analysis. For spectroscopic
analysis, s6G37-tRNA (limiting concentrations) wasmixedwith increasing con-
centrations of Co2+-EcTrmD, and the absorption spectrum was monitored in
300–400 nm in a NanoDrop 1000 spectrophotometer. The difference in absor-
bance at 345 nm, relative to the control without the enzyme, was plotted as a
function of the enzyme concentration. The data were fit to a hyperbolic equa-
tion to derive the thermodynamic binding constant KD, using KaleidaGraph.
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